V I E W P O I N T Alzheimer's Disease Is a Synaptic Failure Dennis J. Selkoe
In its earliest clinical phase, Alzheimer's disease characteristically produces a remarkably pure impairment of memory. Mounting evidence suggests that this syndrome begins with subtle alterations of hippocampal synaptic efficacy prior to frank neuronal degeneration, and that the synaptic dysfunction is caused by diffusible oligomeric assemblies of the amyloid ␤ protein.
Among the remarkable opportunities emerging from recent progress in molecular neuroscience, the prospect of understanding and preventing neurodegenerative diseases looms large. Disorders like Alzheimer's, Huntington's, and Parkinson's diseases once epitomized the mechanistic ignorance and therapeutic nihilism surrounding human neurodegeneration. But in the past decade, genes causing familial forms of such disorders have been identified, protein pathways involving the gene products have been delineated, and specific treatments directed at these pathways have begun to enter human trials.
The example of Alzheimer's disease (AD) is of special interest to neuroscientists, not only because it is the most common of the brain degenerations, but also because it usually begins with a remarkably pure impairment of cognitive function. Patients with this devastating disorder of the limbic and association cortices lose their ability to encode new memories, first of trivial and then of important details of life. The insidious dissolution of the ability to learn new information evolves in an individual whose motor and sensory functions are very well preserved and who is otherwise neurologically intact. Over time, both declarative and nondeclarative memory become profoundly impaired, and the capacities for reasoning, abstraction, and language slip away. But the subtlety and variability of the earliest amnestic symptoms, occurring in the absence of any other clinical signs of brain injury, suggest that something is discretely, perhaps intermittently, interrupting the function of synapses that help encode new declarative memories. A wealth of evidence now suggests that this "something" is the amyloid ␤ protein (A␤), a 42-residue hydrophobic peptide with an ominous tendency to assemble into long-lived oligomers and polymers.
New Ways to Approach the Problem
As scientists proceed to decipher ever more precisely the basis of memory and cognitive impairments in AD, new rules for how this should be accomplished are emerging. First, it has become clear that we must focus our clinicopathological analyses on the earliest stages in the disorder. Studying the brains of individuals dying (for other reasons) with minimal cognitive impairment (MCI) (1, 2), a very subtle memory syndrome that is often the harbinger of AD, is far more likely to yield compelling mechanistic and therapeutic insights than are further studies of late-stage AD brains. The enormous number of structural and biochemical changes already documented in the latter precludes their utility in identifying events that initiate AD-type neuronal dysfunction. The same is true for rodent models in which the process can be examined dynamically: The earlier one looks, the better. Synapse loss matters; loss of whole neurons comes later and matters less. Second, we must use methods that can reveal functional rather than just structural changes in the brain. The latest mouse models that coexpress transgenes encoding mutant human tau and amyloid ␤ protein precursor (APP) (3) are particularly compelling and can be used to perform in vivo electrophysiological analyses and correlate the results with both behavioral and biochemical measures. Third, we must emphasize studies of natural assemblies of human A␤ arising under physiological conditions. Synthetic A␤ peptides have generally been applied at micromolar concentrations (in contrast to the low nanomolar levels of natural A␤ found in the brain and cerebrospinal fluid), and they can aggregate into an array of assembly forms, some of which may have biophysical properties unlike those found in vivo. Moreover, assessing the effects of such synthetic aggregates is tricky, because they occur as complex mixtures and may undergo rapid transitions to more or less neurotoxic forms in cell culture models or after injection into the brain.
Synapses as the Initial Target in Alzheimer's Disease
Early neurochemical analyses of AD brain tissue revealed that the enzymes that generate and metabolize acetylcholine are substantially depleted (4). This finding fits well with the facts that the defining lesions of AD-the A␤-containing neuritic plaques and the tau-containing neurofibrillary tangles-are present in septalhippocampal and basal forebrain-neocortical pathways that are cholinergic, and that frank cell loss is observed in the projection neurons of these pathways (5) . Although deficits in numerous neurotransmitters (including corticotropinreleasing factor, somatostatin, GABA, and serotonin) accrue as the disease progresses, the early symptoms appear to correlate with dysfunction of cholinergic and glutamatergic synapses. In addition to the transmitter alterations, many other biochemical and morphological indicators suggest that AD represents, at least initially, an attack on synapses [reviewed in (6) ]. Of special relevance is a quantitative morphometric study of temporal and frontal cortical biopsies performed within an average of 2 to 4 years of the onset of clinical AD (7). This revealed a ϳ25 to 35% decrease in the numerical density of synapses ( painstakingly counted in electron micrographs) in biopsied AD cortex, and a ϳ15 to 35% decrease in the number of synapses per cortical neuron. Even at the end of the disease, quantitative correlations of postmortem cytopathology with premortem cognitive deficits indicate that synapse loss is more robustly correlated than are numbers of plaques or tangles, degree of neuronal perikaryal loss, or extent of cortical gliosis (8) .
The degree of cognitive decline in patients with AD has been correlated with changes in the presynaptic vesicle protein synaptophysin in the hippocampus and association cortices (8 -10) . Indeed, synaptophysin immunoreactivity has been reported to be decreased ϳ25% in the cortex of patients with MCI or very mild AD, relative to age-matched subjects with normal memory function (11) . Interestingly, in some APP transgenic mouse lines, the numbers of synaptophysin-positive presynaptic terminals and microtubule-associated protein (MAP2)-positive neurons are ϳ30% less than in nontransgenic controls at age 2 to 3 months, well before any A␤ plaque formation (12) . Comparisons of transgenic lines having varying APP expression suggest that decreases in presynaptic terminals are critically dependent on cortical A␤ levels, not on A␤ plaque burden or APP levels (13) . In accord with this finding, presynaptic terminals are already significantly depleted in 2-to 4-month-old APP transgenic mice as their soluble A␤ levels rise, but before A␤ deposition (i.e., plaque formation) begins. This animal work fits nicely with growing evidence that memory and cognitive deficits in MCI and AD patients correlate far better with cortical A␤ levels than with plaque numbers (14) and correlate best with the soluble pool of cortical A␤, which includes soluble oligomers (15) (16) (17) . Even in very mildly impaired patients, soluble A␤ levels in the cortex show a significant correlation with degree of synaptic loss (17) .
Advances in brain imaging allow humans with very early or no amnestic symptoms to be evaluated in vivo for subtle alterations of neuronal function by positron emission tomography (PET) or functional magnetic resonance imaging (fMRI). For example, cognitively normal middle-aged and elderly subjects carrying an apolipoprotein E4 (ApoE4) allele-a strong genetic risk factor for AD-showed substantially increased hippocampal and neocortical activation by fMRI, relative to age-and education-matched non-E4 carriers, during memory tasks (18) . When some of these subjects were reassessed 2 years later, the degree of baseline functional activation correlated with the degree of decline in memory. In addition, PET studies have revealed deficits in cortical glucose metabolism already in middle-aged, cognitively normal subjects with the ApoE4 allele (19) . The important link here is that ApoE4 carriers undergo substantially greater accumulation of cortical A␤ than do non-E4 carriers, and this occurs well before the development of any symptoms of AD (20) (Fig. 1) .
A␤ Induces Changes in Synaptic Efficacy in Vivo
The concept that progressive accumulation of A␤ in brain regions important for memory and cognition initiates AD is currently the leading theory of causation. However, the hypothesis remains controversial, in part because a specific neurotoxic species of A␤ and the nature of its effects on synaptic function in vivo have been ill-defined. Genetic mutations that cause aggressive, early-onset forms of AD elevate A␤ production [reviewed in (21)], and certain mouse models expressing these mutations reproduce some of the cardinal neuropathological and even behavioral features of the disease [e.g., (3, 22) ]. Admittedly, current transgenic mice do not yet provide a model of full-blown AD, because they largely lack tangle formation and neuronal loss. The latter presumably represents a relatively advanced change in AD that follows synaptic dysfunction, although the long presymptomatic phase of the human disease means that both synaptic alteration and subsequent neuronal death could contribute to early symptoms. In any event, several electrophysiological studies of young mice transgenic for human APP with AD-causing mutations have revealed significant deficits in basal synaptic transmission and/or long-term potentiation 3 Leu double mutation, no changes in basal synaptic transmission were observed at age 2 to 8 months (no A␤ deposits) or at age 15 to 17 months (many A␤ deposits), but hippocampal LTP measured in vivo became severely impaired by the latter age (25) . The LTP deficit in these older mice was associated with impaired performance in a spatial working memory task but little or no loss of certain synaptic markers, suggesting that functional-not structuralsynaptic changes were responsible for the cognitive deficits. A separate study in hippocampal slices taken from the same line found decreased basal synaptic transmission but no change in LTP at ages 12 and 18 months (26) .
In work on another mouse line bearing the V717F APP mutation, young animals (age 1 to 4 months) had a ϳ40% loss in basal synaptic transmission in hippocampal slices but no change in LTP (12) . By age 8 to 10 months, these mice showed an ϳ80% deficit in synaptic transmission. Electrophysiologically, the impairment appeared to be due to a significant reduction in synaptic number, not synaptic strength, occurring between 2 and 10 months. The authors analyzed a second mouse line having lower APP transgene expression but higher A␤ production and observed even worse synaptic transmission deficits at 2 to 4 months, again attributable to the accumulation of diffusible forms of A␤ before plaque formation (12) .
[Note that cortical A␤42 levels rise steadily in APP transgenic mice from Յ0.1 nmol/g cortex at 6 months (before visible deposits) to Ն5 nmol/g at 18 months (abundant deposits) (27) . By comparison, cortical A␤42 levels in AD patients vary widely from Ͻ3 to Ͼ10 nmol/g at the time of death (28) .]
Although the use of different electrophysiological protocols and mouse lines has led to some variability, all of the above studies support the concept that mutant APP transgenic mice undergo synaptic dysfunction before plaque formation. However, the nature of the synaptotoxic A␤ species in the brain is very difficult to define, because the animals accumulate a mixture of A␤ forms (monomers, soluble oligomers, insoluble oligomers, and some insoluble amyloid fibrils) that are likely to exist in dynamic equilibrium. In certain cultured cell lines expressing mutant human APP, natural oligomers of human A␤ are formed soon after generation of the peptide within intracellular vesicles and are later secreted from the cell at low nanomolar levels (29) . Intracerebroventricular microinjection of cell medium containing these oligomers and abundant monomers (but no amyloid fibrils) potently inhibited hippocampal LTP in adult rats. Immunodepletion from the medium of all A␤ species abrogated the LTP block. Pretreatment of the medium with a protease that selectively degrades A␤ monomers but not oligomers failed to prevent the LTP inhibition. Conversely, treatment of the cells with an inhibitor of ␥-secretase (one of the two proteases that generate A␤ from APP) markedly decreased oligomer formation at doses that still allowed appreciable monomer production, and such medium no longer disrupted LTP (29) . These experiments allow inhibition of hippocampal LTP in vivo to be attributed specifically to soluble oligomers, not monomers or fibrils, of secreted human A␤.
Synthetic A␤ peptides can induce similar changes but generally require low micromolar doses. For example, metastable oligomers of synthetic A␤ can cause acute electrophysiological changes in cultured neurons or hippocampal slices (30, 31) . Also, microinjection of A␤43 plus A␤40 synthetic peptides into rat hippocampus led to in vivo aggregation of the peptides and the development of focal amyloid deposits that were associated with deficits in basal synaptic transmission and maintenance of LTP (32) . These electrophysiological changes were accompanied by small but significant deficits in short-term ("working") memory; long-term ("reference") memory was unchanged (32) .
Therapeutic Strategies to Prevent A␤-induced Synaptic Dysfunction
The above experimental findings have recently been complemented by manipulations intended to reduce the levels of synaptotoxic forms of A␤ in the brains of mouse models. For example, neuron-specific postnatal inactivation of the presenilin 1 gene [which encodes the probable active-site component of ␥-secretase (21)] resulted in mice with normal brain morphology in which levels of endogenous A␤ were sharply lowered (33) . Crossing such mice with mutant human APP transgenic mice yielded progeny in which no A␤ accumulation occurred, and the LTP deficits of the latter line were rescued. This genetic lowering of ␥-secretase activity thus mirrors the beneficial electrophysiological effects of ␥-secretase inhibitors seen in the culture medium injection paradigm discussed above.
An even more striking reversal of the synaptic dysfunction associated with soluble A␤ assemblies was effected by single systemic injections of an antibody to A␤ into 22-monthold APP transgenic mice (34) . The impaired memory these mice showed in an object recognition task was essentially eliminated overnight, in the absence of any change in overall levels of A␤ deposits (electrophysiological studies were not performed). If confirmed, this result strongly suggests that antibodies to A␤ can interfere acutely with the synaptic dysfunction caused by a diffusible A␤ species without necessarily decreasing mature, insoluble deposits.
Conclusions
Attempts to decipher the subtle alterations in synaptic function that underlie the earliest cognitive features of AD are perhaps the most advanced example of rapid progress in understanding the mechanisms of human neurodegenerative diseases. Analogous efforts in the glutamine repeat disorders (e.g., Huntington's disease, spinocerebellar ataxia), Parkinson's disease, and amyotrophic lateral sclerosis will likely yield powerful clues to the genotype-to-phenotype conversions underlying the development of these syndromes. The inextricably linked goals of such work are to contribute to the elucidation of neuronal function and to prevent the earliest symptoms of dysfunction before they occur.
